Objective: Adventitial collagen structure provides the aorta with tensile strength. Like other collagen-rich tissues, it can be affected by internal factors including aging and location. We determined whether the structural characteristics of human aortic adventitial collagen change with aging, location, and aneurysm formation. Methods: Nonatherosclerotic nonaneurysmal (NANA) human abdominal aortas were collected from 15 individuals who had died of noncardiovascular diseases (<40 years old, NANA young, n [ 5; >60 years old, NANA old, n [ 5). The architecture of adventitial collagen in the aortas was assessed by scanning electron microscopy, and fiber orientation was assessed by polarized microscopy with two-dimensional fast Fourier transform. We then analyzed retardation as an anisotropic property of adventitial collagen by polarized light microscopy. The orientation and retardation of NANA aortas were compared with those of abdominal aortic specimens from patients who were surgically treated for abdominal aortic aneurysm (AAA) (>60 years old, n [ 11). Results: Adventitial collagen of the abdominal aortas on scanning electron microscopy images appeared as wavy, ropy fibers in aortas from young individuals (NANA young, n [ 5) and were essentially flattened in those from older patents (NANA old, n [ 5) and from those with AAA. Collagen fibers were thicker but sparser in the adventitia of aortas with AAA. Orientation maintained in the collagen fibers of NANA aortas (n [ 15) on two-dimensional fast Fourier transform analysis was unrelated to either location or age and did not differ between NANA aortas and those with AAA. However, collagen fibrils in NANA aortas (n [ 15) were significantly less retarded only at the level of the inferior mesenteric artery compared with other aortic locations. In addition, retardation was significantly reduced in abdominal aortas with AAA at the level of the inferior mesenteric artery. Conclusions: The basic structure of adventitial collagen fiber was maintained in abdominal aortas regardless of location or age. Because the molecular structure at the subfibril level changed at abdominal aorta and enhanced in aortas with AAA, alterations in the molecular structure of adventitial collagen might be associated with aneurysmal formation. (J Vasc Surg 2016;63:1341-50.) 
Clinical Relevance: Providing tensile strength to the aorta, adventitial collagen structure is thought to relate with pathogenesis of aging and abdominal aortic aneurysm (AAA). However, those structural changes of collagen have been presented without quantitative analysis or assessment of mechanical properties. Analyzing quantitatively collagen structure at abdominal aortas using recently established methods, this report showed comprehensive adventitial collagen structure in human aortas and those with AAA for the first time. We indicated that collagen structures were maintained in aging and AAA and showed the microstructural collagen change in AAA, which is consistent with previous results such as alteration of cross-linkage in AAA.
Abdominal aortic aneurysms (AAAs) are associated with several factors, including hypertension, smoking, aging, and family history; most of them are supposed to have degenerative effects on aortic walls. 1, 2 The major matrix proteins collagen and elastin compose the structural components of aortic walls. 3 Collagen in the aortic adventitia in particular provides tensile strength to the aortic wall and resilience to cyclic deformation. 4, 5 Thus, adventitial collagen is organized into discrete fibrillar fibers to maintain the architecture of the aortic wall against tensile loading. 4, 6 Several histopathologic studies have shown that AAA walls feature thinner media with a loss of smooth muscle cells and elastin and thick adventitia with inflammatory cells. 7, 8 These dynamic structural changes seem to be associated with changes in collagen during AAA formation. 9 Moreover, aortic aneurysms are predisposed to develop in the infrarenal aorta and mostly in elderly individuals. However, few studies have analyzed the collagen structure of human aortas with respect to location or age. 10, 11 The fundamental unit of collagen is tropocollagen (diameter, 1.5 nm), which is composed of three a chains that entwine to form a triple helix. Tropocollagen assembles to form aggregates, referred to as collagen fibrils (diameter, 30-100 nm). Then, fibrils assemble to contract a fiber (diameter, 1-20 mm). Collagen fiber congregates to form a collagen fiber bundle (Fig 1, a) . Collagen plays a vital structural role through its fiber thickness, content, and orientation. 12 Fiber orientation and thickness are associated with the dynamics and strength of collagen tissues. An overall stereoscopic picture of collagen is best displayed by scanning electron microscopy (SEM), which can depict the three-dimensional organization of collagen fibers because cellular elements are removed by treatment with an aqueous solution of NaOH during samples processing as we previously reported. 13 However, SEM does not provide information about the mechanical tensile strength of collagen organization, which is usually indirectly evaluated as collagen fiber orientation because directly stressing and evaluating aortic specimens is substantially limited. Collagen fiber intersects, and its textural information, characterizing the physiologic situation of collagen including mechanical property, is represented by variability of orientation of the collagen fiber bundle. It can be analyzed with a power spectrum method as orientation variation (OV) and orientation ratio (OR).
Recently, collagen fiber orientation can be quantified using two-dimensional fast Fourier transform (2D-FFT) in polarized light microscopy images. The orientation and spacing of collagen fiber structures are effectively averaged and can thus be clearly represented on FFT power plot. 14 degradation of collagen fiber structures, whereas spacing represents fiber thickness. However, orientation analysis of collagen is based on the assumption that all collagen fibers are identical. The collagen displays birefringence because of its molecular order and causes an optical path difference (retardation) of the light under polarized light. Therefore, the molecular arrangement of collagen fibrils can be assessed by measuring the retardation of birefringence. Retardation is associated with molecular structural change including crosslinks, enzymatic sites, and components of fibrils.
Orientation on 2D-FFT indicates the integrity and
Evaluations of these features have revealed that structural changes in collagen fibers are associated with aging, regeneration, and various disorders in the collagen structure of collagen-rich tissues including skin, bone, cornea, and mitral valves. 12, 15, 16 The present study used polarizing microscopy to determine whether the structure of adventitial collagen fibers in nonatherosclerotic nonaneurysmal (NANA) aortas and in those with AAA differ according to site and aging and assessed whether the molecular collagen structure changes in NANA aortas from older persons and in aortas from patients with AAA.
METHODS
Aortic samples. Sample aortas were obtained at autopsy from 15 men aged 27 to 73 (mean, 49.5) years who had died of causes other than cardiovascular diseases. Samples (1 Â 1 cm in size) were collected from the abdominal aorta: at the level of the superior mesenteric artery (SMA), at 2 cm distal from the renal artery (InfRA), and at the level of the inferior mesenteric artery (IMA). We also analyzed the ascending aorta at 5 cm distal from aortic valves as a reference (Fig 1, b) . We confirmed that all samples lacked gross atherosclerotic changes without aneurysmal dilation and maintained histologically normal basic structure of the aorta with intima, media, and adventitia. We defined these aortic samples as NANA. We also defined NANA aortas from individuals aged <40 years as NANA young (n ¼ 5) and NANA aortas from individuals aged >60 years as NANA old (n ¼ 5).
Eleven samples of infrarenal fusiform AAA (maximal diameter, 52.5 6 4.8 mm) were collected from patients during open surgery. They were with a group (n ¼ 5) aged >60 years with NANA aortas (72.6 6 8.4 vs 67.0 6 4.7; P ¼ .6). Tissues collected from the aneurysmal wall at the level of the IMA (n ¼ 11) (0.5 Â 0.5 cm in size) and at 2 cm below the renal artery (n ¼ 5) (0.5 Â 0.5 cm in size) were fixed with 10% paraformaldehyde for 24 hours. None of the tissues collected from 2 cm below the renal artery from surgery had aneurysmal dilation within a diameter ranging from 20 to 25 mm.
Aortic samples from autopsy were cut in the same direction and subjected to analyses of SEM, histology, orientation, and retardation. Surgical samples were also subject to analyses of histology, orientation, and retardation.
The Ethics Committee of the University of Tokyo Hospital approved this study (No. 1909-1), which complied with the Declaration of Helsinki. We obtained written informed consent from all patients who underwent open aneurysm repair to use samples of their aneurysm walls and from every family representative to use organ samples from the autopsy cadavers for researches including the present study.
Sample preparation. All samples were embedded in paraffin and cut into 5-mm sections perpendicular to the aortic axis. We identified aortic layers and collagen fibers by staining with elastica van Gieson and picrosirius red, respectively. All slides were assessed with an optical microscope and a BX51 polarizing microscope (Olympus, Tokyo, Japan) and were digitized by a DP-70 digital camera (Olympus).
Morphologic analysis of collagen fibers using SEM. Fixed samples collected from autopsy and surgery were washed and refixed in 2% glutaraldehyde for 6 days and then immersed in 2N NaOH for 7 days to dissolve noncollagen protein. The sections were washed with distilled water, stained with 1% tannic acid, fixed with 1% osmic acid, dehydrated with ethanol, and frozen.
The three-dimensional morphology of collagen fibers was analyzed with a JSM-6380LA SEM (JEOL, Tokyo, Japan). Aortic wall layers were discriminated at low (Â900) magnification, and collagen fibers and fibrils were analyzed at higher (Â19,000) magnification.
Quantitative analysis of morphology of collagen fibers using FFT. Five points of adventitia were arbitrarily selected by polarizing microscopy on slides stained with picrosirius red, and collagen fibers were visualized with a digital camera under the following conditions: magnification Â40; ISO 200; resolution, 4080 Â 3072 pixels; exposure 0.1 second. The analyzed sites were trimmed by ImageJ version 1.38 image analysis software (National Institutes of Health, Bethesda, Md) to 1158 Â 1158 pixels and transformed to 8-bit gray-scale images. Two elliptical power-spectrum images per site were created from the gray-scale images using the MATLAB version 6.5 FFT algorithm (MathWorks, Natick, Mass). Each center of gravity was established, and the lengths of the major and minor axes were defined as a and b, respectively. The distance between the center of gravity and the central point was defined as c, and the angle formed by the major axis and a tangential line crossing the central point was defined as a. We quantified the morphology of aortic collagen fibers by calculating the OV, defined as OV ¼ tan1/ 2a; the OR, defined as OR ¼ a/b; and fiber spacing, defined as c. The center-to-center distance between collagen fibers is represented by bundle spacing (BS), which reflects the density of the layer. These values were compared among aortic sites and between samples at different ages. 17, 18 The orientation of collagen fibers on 2D-FFT was assessed using the OV and OR as indices. A low OV and a high OR represent the homogeneity of collagen orientation. Fiber BS, which indicates fiber thickness, is another index of tissue strength that can be determined by 2D-FFT analysis.
Quantitative analysis of adventitial collagen fiber structure by measuring retardation. The birefringence of collagen fibril in linearly polarized light depends on the molecular structure of the specimen under the same thickness. We used polarized microscopy to analyze the amount of retardation of adventitial collagen fibers stained with picrosirius red.
Unpolarized white light emitted from the lamp source of the microscope passed through a polarizer and was transformed into a linear polarized light with a wavelength of 546 nm. Then, the light passed through collagen fibers and was transformed into elliptically polarized light. The specimen was rotated to the darkest position of the collagen fiber and then rotated 45 degrees (diagonally). A quarter wave U-CSE Sénarmont compensator (Olympus) was inserted, which transformed the light back into linear polarized light with an angle lag q from the original linear polarized light.
The analyzer was rotated until darkness of the collagen bundle was maximal and the angle rotation was q. Retardation (R; nm) was calculated by the equation R ¼ lq/ 180, where l is the polarizer wavelength of 546 nm (Fig 1, c) . Four fragments of each aortic specimen stained with picrosirius red were cut in 5-mm thickness and analyzed. Five pieces of each fragment were selected, and three retardation measurements per specimen were taken.
Statistical analysis. Correlations between age and each indicator were estimated by Pearson productmoment correlation coefficient. Paired and multiple values were compared by the Mann-Whitney U test and the Tukey-Kramer HSD test, respectively. All data were statistically analyzed with JMP Statistical Discovery Software version 10.0 (SAS Institute Inc, Cary, NC), and P values of < .05 were considered significant.
RESULTS
Morphology of aortic collagen fiber with SEM. Bird's-eye-view SEM (Â900) images showed that adventitial collagen fibers in abdominal aorta from young individuals formed bundles that were densely entwined in a rope-like manner. Collagen bundles in NANA old aortas were unraveled and flat, although the rope-like feature persisted (Fig 2, a) . The features of collagen fibers in AAAs visualized by SEM were more prominent, as they were flat and strand formation had almost completely disappeared (Fig 2, a) . The appearance of collagen fibrils was similar among NANA young and NANA old aortas and AAA on Correlation between orientation of adventitial collagen determined by two-dimensional fast Fourier transform (2D-FFT) and age at four levels of nonatherosclerotic nonaneurysmal (NANA) aortas. Orientation is expressed as the following indices: orientation variation (OV), orientation ratio (OR), and fiber bundle spacing (BS). These indices did not significantly correlate. AA, Ascending aorta; IMA, aorta at the level of inferior mesenteric artery; InfRA, aorta at 2 cm below renal artery; SMA, aorta at the level of superior mesenteric artery. SEM images at higher magnification (Â19,000). However, each fibril was fluffier and disorganized in aortas with AAA (Fig 2, a) . The features of fibers on cross-sectional SEM images (Â900) were essentially the same as those on the bird's-eye-view images, although they were thicker but sparser in aortas with AAA compared with those from NANA aortas. Fibril assembly was denser in NANA than in AAA aortas (Fig 2, b) .
Quantitation of collagen fibers in adventitia using FFT. Fig 3 shows that the OV in aortic adventitia was similar at the levels of the SMA, InfRA, IMA, and ascending aorta. The OV did not differ according to age. The OR was also similar according to sites or aging. Moreover, the fiber BS did not differ regardless of site or age (Fig 3) .
On the other hand, the OV and OR at the levels of the InfRA and IMA were similar between NANA old aortas and AAA on 2D-FFT images. However, the BS was higher at the same levels of the aorta in the AAA group (Fig 4) .
Quantitative analysis of molecular structure in adventitial collagen by measuring retardation. Fig 5, a shows that retardation was similar at the levels of the ascending aorta, SMA, and InfRA and that it did not significantly differ with aging. However, the retardation value was lower at the IMA level than at other sites of NANA old aortas, indicating that the molecular structure of adventitial collagen was more disorganized in NANA old aortas at the level of the IMA (Fig 5, b) . We compared retardation between NANA old aortas and aortas with AAA at the levels of InfRA and IMA. Retardation values were statistically lower for aortas with AAA than for the NANA old aortas (Fig 6) .
DISCUSSION
Collagen bundles in the adventitia of fixed, paraffinembedded NANA abdominal aortas were wavy and loosely structured as previously described. 11 These structures were linear and unraveled with aging. However, we did not find age-related features in the arrangement of adventitial collagen fibers of the abdominal aorta, although the gross appearance of collagen bundles in aged aortas had obviously changed. Fiber orientation together with fiber thickness is thought to reflect the structural strength of tissues. Several methods have recently been developed to analyze collagen orientation. However, assessment using picrosirius stain with polarization provides optimal orientation analysis Comparison of orientation between nonatherosclerotic nonaneurysmal (NANA) old aortas (n ¼ 5) and abdominal aortic aneurysm (AAA) (n ¼ 11). Orientation is expressed as the following indices: orientation variation (OV), orientation ratio (OR), and fiber bundle spacing (BS). These indices did not statistically differ between NANA old aortas and AAA. IMA, Aorta at the level of inferior mesenteric artery; InfRA, aorta at 2 cm below renal artery; NS, not significant. Retardation at level of inferior mesenteric artery (IMA) was statistically lower than that at other levels. AA, Ascending aorta; InfRA, aorta at 2 cm below renal artery; SMA, aorta at the level of superior mesenteric artery. followed by 2D-FFT to quantify the orientation. Therefore, we assessed collagen fiber orientation using the picrosirius-polarization method and 2D-FFT in the aortic adventitia to analyze the orientation quantitatively, as this is a measure of tissues such as skin or cornea. 19, 20 The 2D-FFT findings also showed that adventitial collagen was essentially the same and that structural alterations were not age related at other sites of NANA aortas. The homogeneity of the adventitial architecture of the aorta was preserved regardless of age or location. In addition, we discovered using 2D-FFT that adventitial collagen structure was maintained, even in AAA. The process of development in aneurysm is thought to include both chronic damage and repair in the entire aneurysmal wall, rather than local irretrievable damage. Considering that the adventitia in AAA is thought to be under a process of breakage and restoration, the adventitial collagen structure might be maintained at least until it approaches rupture. Gasser et al 21 reported that collagen fiber orientation was widely dispersed at the most dilated sites in AAA samples. However, they did not compare the orientation with normal aorta or the other sites of aneurysmal wall. They also suggested that the mechanical properties of collagen fiber depend on fiber bundle undulation, which we detected by SEM. Lindeman et al 22 indicated that collagen microarchitecture underlies vessel wall failure in AAA. Undulation together with structure of collagen fiber bundle may be substantially related to mechanical properties and thus will require further investigation.
On the other hand, collagen fibrils were significantly less retarded at the level of IMA in the abdominal aorta compared with other aortic sites. Retardation values for adventitial collagen fibrils in the aneurysmal aortic walls were even lower. Retardation indicates the molecular anisotropy of tissues. The retardation value reflects the degree of molecular alignment of collagen including the type of collagen, cross-linking, and proteoglycan, which influence collagen higher order structure. [23] [24] [25] However, such small or linkage molecules may disperse after tissue fixation but leave traces because fixed collagen fibrils maintain their structure and birefringence, which is reflected as retardation. Regardless, a couple of studies indicated that those molecules are associated with collagen strength. Intermolecular cross-links that form between adjacent molecules within growing collagen fibrils contribute to the high tensile strength of collagen fibers. Such cross-linking is controlled by the action of, for example, the lysyl oxidase family. 4 Remus et al 26 reported that inhibiting lysyl oxidases promotes aneurysm formation in mice aortas. 26 On the other hand, proteoglycans play a role in the maintenance of matrix structure. Theocharis et al 27, 28 showed that changes in proteoglycan content accompany disrupted elastin and collagen metabolism in AAA. Moreover, the concentration of type III collagen also has been evaluated in the wall of AAA with mixed results. 29, 30 Change in collagen type might influence retardation. Arokoski et al 31 demonstrated that long-distance running training caused decreased retardation of knee cartilage collagen through disorganization of collagen network without changing collagen volume in a dog osteoarthritis model. Therefore, reduced collagen fibril retardation in the adventitia might play a causal role in AAA, considering that aortic aneurysms have a high propensity to arise in the infrarenal aorta. Indeed, although retardation of collagen is considered to be associated with biologic mechanical property, further investigation will be required to determine the detailed mechanism.
Various factors including matrix metalloproteinases (MMPs) regulate collagen remodeling. Several studies revealed that expression of MMPs increased in AAA walls. 32, 33 Structural alteration of molecular collagen might reflect an outcome of repetitive remodeling of the aortic wall in the degenerative process, although MMPs are considered to play a destructive role in aneurysmal walls. 34 Grossman et al 35 recently indicated that unveiled MMP enzymatic sites at collagen fibrils due to conformation changes were associated with change of retardation. Retarded collagen fibrils might reflect the collagen degenerative process.
CONCLUSIONS
Orientation of collagen structure evaluated by 2D-FFT, which is associated with tissue dynamics and strength, was maintained in adventitial collagen fibers of the human aortas regardless of location, aging, or aneurysm formation. On the other hand, collagen fibrils assessed by retardation were less organized in the infrarenal aorta. Disorganized collagen fibrils were more prominent in the aneurysmal wall. Changes in the molecular structure of adventitial collagen might be associated with the formation of AAAs. 
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